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ABSTRACT 
 
In many insects, females have certain hydrocarbons in their cuticular hydrocarbon profile 
that serve as contact pheromones.  These sex-specific mate recognition signals are present in 
much smaller quantities, or even absent in males.  Although hydrocarbon profiles are to some 
degree heritable, the relative abundance of specific hydrocarbons can be altered by a variety of 
environmental factors, such as nutrition, temperature, and relative humidity.  I investigated 
factors influencing the composition of cuticular hydrocarbons of two species of longhorned 
beetles that are native to eastern North America, Neoclytus acuminatus (F.) and Xylotrechus 
colonus F.  The cuticular wax layer of N. acuminatus comprises at least 20 hydrocarbons ranging 
from C24 to C29, three of which serve as the contact pheromone of females. The wax layer of X. 
colonus contains at least 17 hydrocarbons that range from C25 to C31, and the contact pheromone 
is again a blend of three components.  Body size of adult beetles was significantly associated 
with the relative amounts of some, but not all, contact pheromone components and non-
pheromone hydrocarbons.  With respect to contact pheromones, this relationship could provide a 
means by which males assess the size of females, and allow for mating preference based on body 
size.  The relative abundance of hydrocarbons, including contact pheromones of X. colonus, 
varied significantly during the seasonal flight period.  The causes of this variation are not known, 
but could reflect seasonal differences in host quality or other external factors.  Cuticular 
hydrocarbons of adult N. acuminatus also varied significantly in relative abundance spatially, 
both across small geographical distances in east-central Illinois (not more than ~55 km), and 
more distantly between populations in Illinois and Pennsylvania.  Hydrocarbon profiles of 
beetles, as assessed by solid-phase microextraction (SPME) did not change when they were 
killed and frozen, an important consideration for the methods used during the study.  Profiles 
varied across body regions of individual beetles, suggesting that sampling only one portion of the 
body by SPME may not yield a profile that is truly characteristic of the species, especially with 
regard to contact pheromones.  In summary, this study provides evidence that hydrocarbon 
profiles of insects are dynamic, varying spatially and temporally, and may be influenced by 
environmental factors.   
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INTRODUCTION 
 
The insect cuticle is composed of tough layers of chitin and proteins, topped with a thin 
layer of wax (Hadley 1982).  Its primary function is desiccation prevention, but this complex 
mixture of hydrocarbons, aldehydes, ketones, long-chain fatty acids, aliphatic alcohols, and 
methyl esters is also used in communication (Blomquist and Bagnères 2010) and defense 
(Golebiowski et al. 2011).  For many insects, specific hydrocarbons in the wax layer of females 
serve as sex recognition signals, and are present in much smaller quantities, or absent in males 
(e.g., Cork et al. 1991, Arienti et al. 2010, Ginzel 2010, Ming and Lewis 2010).  These 
compounds are referred to as contact pheromones and are both necessary and sufficient to elicit 
copulation from males.  Intraspecific variation in the composition of the wax layer may reflect 
developmental stage, nutrition, reproductive status, or caste in social insects (e.g., Peeters et al. 
1999, Zhu et al. 2006, Steiger et al. 2007, Atterholt and Solensky 2010, Ferreira-Caliman et al. 
2010, Fedina et al. 2012, Fujiwara-Tsujii et al. 2012, Smith et al. 2012, Yoon et al. 2012, Weddle 
et al. 2013).  
Although hydrocarbon profiles are to some degree heritable (e.g., Foley et al. 2007), 
relative abundance of specific hydrocarbons may be altered by a variety of environmental factors 
(reviewed by Kather and Martin 2012), including host plants (Calvo and Molina 2010, 
Wennstrom et al. 2010, Geiselhardt et al. 2012).  For example, the chemistry of larval host plants 
can affect mating success of insects that feed on them by altering their hydrocarbon profiles (e.g., 
Geiselhardt et al. 2012).  Early life nutrition can have significant effects on adult phenotype, 
including body size (reviewed by Chown and Gaston 2010) and composition of hydrocarbon 
profiles (Steiger et al. 2007, Fedina et al. 2012, Geiselhardt et al. 2012).  Alongside nutrition, 
temperature is one of the two most significant factors impacting adult body size (Chown and 
Gaston 2010) and is known to modify cuticular hydrocarbon profile (Howard et al. 1995, Gibbs 
et al. 1998).  These profiles may also be modified by changes in relative humidity (Noorman and 
Otter 2002, Howard et al. 1995) as well as other environmental stressors, such as cuticular 
abrasives and bacteria (Howard et al. 1995).   Environmental effects can also result in 
geographical variation in hydrocarbon profiles within species (Hirai et al. 2008).  In the event 
that contact pheromones are affected, changes in hydrocarbon profiles may influence mate 
recognition, and hence fitness (Geiselhardt et al. 2012). Hydrocarbon profiles can be temporally 
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dynamic (Nielsen et al. 1999), changing in response to varying environmental conditions 
(Howard et al. 1995, Gibbs et al. 1998, Liu et al. 2001).  Such is the case with hydrocarbons that 
comprise the nestmate recognition system of ants, which are not fixed over time (Liu et al. 
1998).  
I investigated factors that influence the composition of cuticular hydrocarbons of 
longhorned beetles (Coleoptera: Cerambycidae).  Longhorned beetles use cuticular hydrocarbons 
as contact pheromones, and for many species, the chemicals that serve as contact pheromones 
have been identified, or their activity at least demonstrated (reviewed by Ginzel 2010; also see 
Ibeas et al. 2009, Spikes et al. 2010, Luo et al. 2011, Silk et al. 2011, Brodie et al. 2012, 
Fujiwara-Tsujii 2012).  Hydrocarbon profiles of the longhorned beetles are influenced by feeding 
in the adult stage (Brodie et al. 2012), and the host plant from which a beetle emerged can affect 
mate choice (Fujiwara-Tsujii et al. 2013).  Host plant size during development is directly 
correlated to adult size and fecundity; smaller beetles, emerging from a smaller host plant, are 
correlated with a shorter lifespan, reduced fecundity (measured by egg and ovariole size), and 
reduced fitness (Price and Willson 1976).  Both female and male size can influence mating 
success, though male size may only be advantageous in displacing smaller males during 
courtship and mating (McLain and Boromisa 1987, Wang 2002).  Temperature during larval 
development influences cerambycid phenology, with cooler temperatures significantly delaying 
beetle emergence (Price and Willson 1976). 
The present research focuses on two species of endophagous longhorned beetles, 
Neoclytus acuminatus (F.) and Xylotrechus colonus F., (subfamily Cerambycinae, tribe Clytini) 
that are ubiquitous and native to the Midwestern United States.  Larvae of both species are 
polyphagous (see Solomon 1995, Yanega 1996).  The most common larval hosts of N. 
acuminatus are ash trees, but other hosts include oak, hickory, persimmon, and hackberry.  Hosts 
of X. colonus include hickory, pin oak, and many other species of hardwoods.  The extensive 
host range of these beetles means that, within one species, conditions during larval development 
could differ greatly in nutritional quality, temperature, relative humidity, and many other 
environmental conditions.  Insect communities are strongly influenced by host plant location, 
more so than host plant genotype (Tack et al. 2010).  Further, within one location environmental 
conditions can vary greatly throughout the year, potentially impacting hydrocarbon profile of 
beetles emerging over the course of a flight period.   
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Previous research has revealed that the cuticular wax layer of N. acuminatus comprises at 
least 20 hydrocarbons ranging from C24 to C29, and the components that serve as contact 
pheromones are 7-methylheptacosane, 9-methylheptacosane, and 7-methylpentacosane (Lacey et 
al. 2008).  The wax layer of X. colonus contains at least 17 hydrocarbons that range from C25 to 
C31, with the blend of n-pentacosane, 9-methylpentacosane, and 3-methylpentacosane serving as 
the contact pheromone (Ginzel et al. 2003a). Males of both beetle species produce volatile 
pheromones that attract both sexes: 2S,3S-hexanediol for N. acuminatus (Lacey et al. 2004), and 
a blend of 3R-hydroxyhexan-2-one and syn-2,3-hexanediols for X. colonus (Lacey et al. 2009).  
I tested the following three hypotheses about the hydrocarbon profiles of N. acuminatus 
and X. colonus: 1) Profiles will vary with body size, which at least for females may influence 
relative abundance of contact pheromones, and thus reproductive success; 2) Profiles will vary 
geographically due to local variation in host plant chemistry and other environmental factors; 3) 
Profiles will vary over the course of the season, due to the influence of environmental factors 
that vary over time.   
I also performed experiments to assess the appropriateness of my methods of 
characterizing hydrocarbon profiles.  There are two common methods for characterizing profiles: 
1) solvent extraction, which completely removes the wax layer, and so yields ratios of 
components calculated from the total volume of waxes, and 2) solid-phase microextraction 
(SPME), which involves sampling hydrocarbons with a polymer-coated fiber, and so tends to 
draw chemicals primarily from the surface of the layer (Millar and Haynes 1998).  Earlier 
research has revealed that the wax layer of insects is not homogeneous, and that hydrocarbons 
that serve as contact pheromones may be at higher abundances at the layer surface (Ginzel 2010, 
Hughes et al. 2011).  Further, contents of glands (e.g., pygidial, postpharyngeal, and Dufour 
glands; Bagnères 1990) can influence the overall hydrocarbon profile when employing whole-
body extraction as long-chain hydrocarbons have been identified in each of these glands (e.g, 
Bagnères 1990, Attygalle et al. 2004, Richard et al. 2011).  The two methods yield somewhat 
different profiles for adult female N. acuminatus, although these differences have not been 
compared statistically (Lacey et al. 2008).  I therefore compared hydrocarbon profiles as 
assessed by the two methods, as well as examined how profiles varied across body regions of 
beetles, and the effect of freeze killing beetles on hydrocarbon profiles. 
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METHODS 
 
Sources of beetles 
Adult beetles of the two species were captured using black panel traps (corrugated 
plastic, 1.2 m in height by 0.3 m in width; Alpha Scents Inc., West Linn, OR), that were 
suspended from L-shaped frames constructed of polyvinyl chloride irrigation pipe (for details, 
see Graham et al. 2010).  Inner surfaces of traps were coated with Fluon® (Thermo Fisher 
Scientific, Waltham, MA) which greatly improves trap efficiency (Graham et al. 2010).  Traps 
were modified to capture live insects by replacing the standard collection basin with a clear 
plastic jar (~ 2 l, General Bottle Supply Company, Los Angeles, CA) with ~1 mm holes drilled 
in the bottom for drainage.  The center of the jar lid was removed, and a plastic funnel (~1 l) was 
hot glued to the lid such that the spout protruded into the jar.  Thus, insects that hit the panels 
would fall through the funnel and into the jar.  The funnel was coated with Fluon® to prevent 
beetles from climbing out of the funnel opening. 
Trap lures were clear polyethylene sachets (Bagette model 14770, Cousin Corp., Largo, 
FL) loaded with 50 mg of synthetic pheromone dissolved in 1 ml isopropanol.  Traps were baited 
with synthetic pheromones to target the two species (see Lacey et al. 2004, 2009).  For N. 
acuminatus, traps were baited with syn-2,3-hexanediol (prepared as in Lacey et al. 2004).  For X. 
colonus, traps were baited with 3-hydroxyhexan-2-one (Bedoukian Research, Danbury, CT), as 
well as the synergists 2-methylbutanol (Sigma-Aldrich Corp., St. Louis, MO) and ethanol (high-
release lure; Synergy Semiochemicals Corp., Burnaby, BC, Canada; Hanks et al. 2012).  Lures 
were hung in the center of the trap panels.   
Traps were checked for beetles every other day, and live insects were brought to the lab 
where they were placed individually into glass vials (model B7800-3; Thermo Fisher Scientific), 
handling them with latex gloves as little as possible.  Beetles in vials were killed by freezing 
either with dry ice or in the -80
o
C freezer, and stored at -20
o
C until analysis.   
 
Study sites in Illinois 
Beetles were trapped beginning 1 June 2013 and ending on 9 Aug 2013 in the following 
forested areas in east-central Illinois that are owned and managed by the University of Illinois 
(http://research.illinois.edu/cna/): 1) Forest Glen Preserve (Vermilion Co.; 40.01516°N, 
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87.56771°W), a mature upland secondary forest of predominantly oaks and hickories); 2) 
Allerton Park (Piatt Co.; 39.985342°N, 88.650147°W), with 600 ha of old-growth floodplain and 
upland forest; 3) Brownfield Woods (Champaign Co.; 40.145223°N, 88.165461°W), a 26.1-ha 
area of virgin deciduous upland forest); Trelease Woods (Champaign Co.; 40.134873°N, 
88.142796°W), a 28.8 ha area of deciduous upland forest with an adjacent reconstructed tallgrass 
prairie; and the University of Illinois Operations and Maintenance recycling center (O&M), a 3-
ha patch of forest next to the University of Illinois Arboretum (Champaign Co. 40.0863°N, 
88.2167°W).  Because the Brownfield Woods, Trelease Woods, and O&M sites were close to 
one another (≤ 8 km), they are referred to as a group (“BTO”) in some sections below.  Areas 
between all the study sites were dominated by a rotated corn-soybean agroecosystem.  
 
Extracting cuticular hydrocarbons  
Frozen beetles in vials were thawed to room temperature for 20 min, then to each vial 
was added 1 ml of reagent grade hexane (Optima Grade, Fisher Scientific, Fair Lawn, NJ).  The 
vials were swirled gently by hand for 2 min, and the solvent decanted into a new glass vial.  This 
was repeated for a second wash, the two washes were combined, then concentrated to 1 ml under 
nitrogen.  Sonication and other methods used to remove all wax layers was not employed to 
avoid contamination of the hydrocarbon profile with internal lipids. 
 
Identification of hydrocarbons  
Solvent extracts of beetles were analyzed by coupled gas chromatography-mass 
spectrometry (GC-MS) using a HP 6890 GC (Hewlett-Packard Corp., Sunnyvale, CA) with a 
DB-5MS capillary column (30 m X 0.25 mm X 0.25µm film; J&W Scientific, Folsom, CA) in 
splitless mode, interfaced to an HP 5973 mass selective detector, electron impact ionization (EI, 
70eV), with helium as the carrier gas.  Inlet temperature was 280
o
C, and the column was 
programed from 50
o
/1 min, to 248
o
 at 45
o
/min, to 282
o
 at 1.5
o
/min, to 300
o
 at 30
o
/min, hold for 2 
min.  Hydrocarbon peaks were identified by retention time and comparison with data from 
earlier studies, using the same GC-MS, in which chemical structures were determined from mass 
spectra and comparison with authentic standards (Ginzel et al. 2003a, Lacey et al. 2008).  
Hydrocarbons that were used in the present studies varied in chainlength from C25 to C29, and 
were primarily mono-methyl-branched alkanes (Table 1).   
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Sampling by SPME (57300-U, 100 µm, polydimethylsiloxane; Supelco, Bellefonte, PA) 
was conducted by handling beetles with latex gloves and rubbing the SPME fiber on the cuticle 
for 30 s such that the fiber was not bent, and was rotated during sampling.  The fiber then was 
immediately desorbed in the injection port of the GC-MS, and hydrocarbons were identified as 
already described. 
Relative abundance of compounds was calculated by normalizing the raw peak areas (i.e., 
dividing peak area by total peak area).  For statistical analyses, data for contact pheromones 
(indicated by blue highlighting in Table 1) were analyzed separately from hydrocarbons selected 
as representative non-pheromone hydrocarbons for that species.  Representative hydrocarbons 
were selected based on presence in all specimens in detectable amounts. (orange highlighting in 
Table 1).  Because compounds 9Me-C27 and 7MeC27 N. acuminatus nearly co-eluted during GC-
MS analysis, the areas of those peaks were combined for some statistical analyses (coded 9Me-
C27+7MeC27).  
 
Evaluation of extraction methods 
The two methods of sampling hydrocarbons—solvent extraction and SPME—were 
compared by examining the non-linear relationship of relative hydrocarbon abundance and 
sampling method, for both components of contact pheromones and non-pheromone 
hydrocarbons as individual peaks.  I assessed the degree to which cuticular hydrocarbons varied 
across body region of beetles by independently sampling the head, elytra, and ventral surface of 
the abdomen of beetles, frozen and thawed as described above, by SPME.  Each beetle was 
clamped by the leg and suspended in mid-air, with each body part sampled as described above 
with the SPME fiber.  The order of body parts sampled was rotated among the ten beetles used 
for analysis.  The elytra were sampled by gently running the fiber along the entire length and 
width, avoiding the abdomen and pronotum.  Sampling the abdomen was restricted to the 
sternites.  Sampling the head included all parts anterior to the pronotum, including the antennae 
and mandibles.  After the SPME was complete all beetles were extracted with hexane, with all 
sampling occurring within a two day period.  SPME samples from elytra were compared to 
whole-body hexane extracts to determine if there were differences between the two methods of 
sampling.  Specimens were female X. colonus (N = 10) that were collected on 12 August 2013 at 
the BTO study sites. 
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I also tested the effect of freeze killing beetles on hydrocarbon profiles of beetles.  Live 
female X. colonus (N = 4) were captured on 9 July 2013 at the BTO study sites, and within 3 d 
were first sampled by SPME, then were immediately freeze killed on dry ice.  After 30 min 
beetles were removed from the dry ice, allowed to thaw for 20 min, then sampled again by 
SPME.  Repeated SPME sampling could account for the differences in hydrocarbon profile, and 
the effects of SPME therefore would have to be considered if there were significant differences 
between live and dead beetles.  
 
Influence of body size on relative amounts of cuticular hydrocarbons 
I tested the hypothesis that hydrocarbon profiles of beetles would be influenced by their 
body size by examining the covariance between relative abundance of hydrocarbons and body 
surface area for all peaks.  Adult beetles for this study were captured at the Allerton and BTO 
study sites, including 62 female and 70 male N. acuminatus, and 56 female and 60 male X. 
colonus.  As an estimate of body surface area, I used the approximate area of the right elytron 
(length times width, as measured with calipers).  Elytron area and total body mass (estimated by 
drying beetles for ~12 h under ambient conditions, then weighing) were closely correlated for 
females of both species (Fig. 1), and the same was true for males (N. acuminatus: r
2
 = 0.67, P < 
0.0001; X. colonus: r
2
 = 0.68, P < 0.0001).  Cuticular hydrocarbons were collected from frozen 
beetles, using the methods described above, by solvent extraction.  
  
Temporal variation in cuticular hydrocarbons  
The hypothesis that hydrocarbon profiles of beetles vary over the course of the season 
was tested by examining the linear and non-linear relationships between relative abundance of 
hydrocarbons and date of capture.  Adult N. acuminatus and X. colonus were trapped at the 
Allerton and BTO study sites.  Live traps were set up before the estimated onset of the flight 
seasons in 2013 and ran until the end (approximately June through August for both species; 
Hanks et al. 2014).  The time variable was derived from the date on which beetles were captured 
by traps, categorized as successive 10-day periods beginning 1 June 2013 and ending on 9 Aug 
2013.  Ten beetles per sex and species were chosen per time period, except for periods with few 
specimens due to inclement weather.  Due to low catch for the first (1-10 June) and second (21-
30 June) 10-day time periods, a subset of beetles that were captured between these dates also 
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were analyzed (coded as Time 1.5; 11-20 June).  Cuticular hydrocarbons were collected from 
frozen beetles, using the methods described above, by solvent extraction. 
 
Spatial variation in cuticular hydrocarbons  
The hypothesis that hydrocarbon profiles vary with geographical distance was tested 
using discriminate analysis to determine if catch location could be differentiated on the basis of 
hydrocarbon profile.  I tested for variation in hydrocarbon profiles over relatively short distances, 
less than 55 km, and a fine geographic scale within Illinois, by capturing specimens at the Forest 
Glen (8 females, 9 males), Allerton (5 females, 6 males), and BTO sites (8 females, 9 males).  
The study was limited to N. acuminatus due to small numbers of X. colonus that were captured.  
Specimens used in the experiment were restricted to beetles captured during a 15-day period (1 – 
15 June 2013) so as to minimize temporal variation.  Cuticular hydrocarbons were collected from 
beetles by solvent extraction.  
 Variation over greater geographical distances was assessed by trapping adult N. 
acuminatus in another area within the range of the species, in Pennsylvania (Lingafelter 2007).  
Two traps baited for N. acuminatus were placed in wooded areas adjacent to The Pennsylvania 
State University Campus (Centre Co.; 40.783300°N, 77.89200°W), which yielded eight female 
and nine male N. acuminatus.  Live beetles were freeze killed and shipped to the University of 
Illinois on dry ice.   
 
Statistical analyses 
Linear relationships between variables were tested with regression analysis (PROC REG, 
SAS Institute 2008).  Differences between treatment means, without assuming linear 
relationships, were tested by ANOVA (PROC GLM).  Analysis of covariance (PROC GLM) was 
used to determine whether hydrocarbon profiles varied significantly with the body regions that 
were sampled, and method of hydrocarbon sampling (SPME vs solvent).  Discriminant analysis 
(PROC CANTEST) was used to determine whether hydrocarbon profiles varied significantly 
with the locality at which beetles were collected (Martin and Drijfhout 2009).  The importance of 
individual compounds was assessed using structure coefficients (correlations between the 
discriminating variables and the discriminate groups) with statistical significant tested with 
Wilks’ lambda (SAS Institute 2008).  The numbers of compounds used in the discriminant 
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analyses were reduced to maximize statistical power (Martin and Drijfhout 2009, SAS Institute 
2008). 
 
 
10 
 
RESULTS 
Evaluation of extraction methods 
Relative abundances of hydrocarbons varied significantly between the three body parts 
sampled by SPME for some contact pheromones and non-pheromone hydrocarbons, but not 
others (Fig. 2).  The elytra had the significantly lower relative abundance, as sampled by SPME, 
for two of the contact pheromones.  Whole body hexane extraction yielded relative abundances 
that were comparable to SPME, except for a significantly higher abundance for the non-
pheromone nC27 (Fig. 2).  Living and freshly-killed beetles had similar hydrocarbon profiles, as 
sampled by SPME (Fig. 3). 
 
Influence of body size on relative amounts of cuticular hydrocarbons 
Body size of female N. acuminatus showed a trend of a positive linear association with 
the relative amount of one component of the contact pheromone, 9Me-C27 (Fig. 4A), and was 
strongly and negatively associated with the relative amount of the non-pheromone nC27 (Fig. 
4B).  The remaining compounds were not significantly associated with body size (regression P > 
0.17).  Both of the representative cuticular hydrocarbons of male N. acuminatus were 
significantly and positively associated with body size (Fig. 5).  
 There was no significant relationship between body size of female X. colonus and relative 
amounts of contact pheromones (r
2
 = 0.19, F3,158= 0.78, P = 0.38), or non-pheromones (r
2
 = 0.59, 
F5,156= 45.03, P = 0.42).  The same was true for the two hydrocarbons of male X. colonous (r
2
 = 
0.74, F5,171= 98.12, P = 0.6).   
 
Temporal variation in cuticular hydrocarbons  
The relative abundance of hydrocarbons of female and male N. acuminatus were not 
significantly correlated with the time periods that beetles were captured in the field (Fig. 6; r
2
 < 
0.041, P > 0.12).  However, when means were tested by ANOVA, without assuming linear 
relationships, mean relative abundances of the male hydrocarbon delta-10C27 was significantly 
different at the level of α = 0.1 (Fig. 6B).  Similarly, linear associations between hydrocarbon 
abundance and time of capture were very weak for both sexes of X. colonus (r
2
 < 0.11), but 
ANOVA analysis revealed significant variation in the amounts of one pheromone and three non-
pheromone hydrocarbons of females (Fig. 7A), and two hydrocarbons of males (Fig. 7B). 
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Spatial variation in cuticular hydrocarbons  
Relative amounts of hydrocarbons varied significantly among Illinois study sites for male 
N. acuminatus, but showed only a trend for females (Fig. 8A).  Similarly, males showed the 
greatest amount of variation in hydrocarbon profiles when comparing beetles captured in Illinois 
versus those captured in Pennsylvania (Fig. 8B), but in this case the variation in females was 
statistically significant.  These findings confirm that hydrocarbon profiles of these beetles are 
characteristic of their local populations, being distinct across sampling sites that were less than 
55 km apart. 
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DISCUSSION 
 
 I found that the abundances of certain hydrocarbons, relative to the total volume of major 
profile components in the cuticular wax layer, varied significantly with body size of beetles.  In 
some cases, these hydrocarbons served as components of sex pheromones, but non-pheromone 
hydrocarbons also varied in abundance with body size.  With respect to contact pheromones, this 
relationship could account for mating preferences of males for larger females that have been 
reported for some species of longhorned beetles (e.g., McLain and Boromisa 1987, Wang 2002).  
That is, males may be able to discriminate among potential mates based on the subtleties of their 
hydrocarbon profiles, and choose females that are larger and have higher fecundity.  Body size of 
insects is primarily determined by heredity (e.g., Foley et al. 2007), but strongly influenced by 
nutrition during larval development (e.g., Chown and Gaston 2010).  Among longhorned beetles, 
host plant quality can be quite variable, due to inter- and intra-specific competition, and host 
quality, and as a result adult longhorned beetles can vary considerable in body size, affecting 
fecundity, fitness, and longevity (Price and Willson 1976, Hanks 1999).  Further, larval host 
plants can alter insect hydrocarbon profiles, directly affecting mating success (e.g., Geiselhardt et 
al. 2012). 
Host plant conditions can indirectly affect mating success by affecting development time 
and phenology (Price and Willson 1976).  Beetles emerging later in the season may be somewhat 
temporally isolated, reducing their chances of finding mates.  Temporal variation in relative 
abundances of hydrocarbons, particularly the contact pheromone components, could have 
important implications for mate location and reproductive success as well.  I have found that 
cuticular hydrocarbon abundance varies over time, for both sexes of X. colonus, and this extends 
to a subset of the female contact pheromones as well.  The causes of this variation in the present 
study system are not known, but could reflect seasonal variation in host quality, related to the 
species of hosts, or their physiological condition and suitability as hosts for the larvae.  
Nevertheless, the fact that variation in hydrocarbon abundance was not linearly associated with 
the time that beetles were captured suggests that the environmental factor(s) responsible do not 
have a gradual effect on development of the wax layer of beetles.  Such might be the case, for 
example, if host quality degrades over time due to the infestation of succeeding generations of 
wood-boring insects.  Seasonal variation in hydrocarbon profile is common in insects (Howard et 
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al. 1995, Liu et al. 2001), affecting even colony-specific compounds in social species (Liu et al. 
1998).   Temperature and other environmental factors, such as relative humidity (Noorman and 
Otter 2002), can drastically affect hydrocarbon profiles over relatively short periods of time 
(Howard et al. 1995), potentially explaining the vagaries of the hydrocarbon relative abundance 
in this study. It is worth noting that we do not know the chirality of the hydrocarbons in question, 
however a recent survey indicates that hydrocarbons in insects are invariably of the R enantiomer 
(J. G. Millar, pers. comm.). 
The extensive host range of the two study species means that individual larval 
development could differ greatly with local host plant nutritional quality, ambient temperature, 
relative humidity, or many other environmental variables.  Host plant location can strongly 
influence insect communities (Tack et al. 2010) and could result in variation in hydrocarbon 
profile (Hirai et al. 2008).  I found that N. acuminatus hydrocarbon profiles are characteristic of 
their local populations.  Even comparing over relatively short distances, and a fine geographic 
scale in Illinois, male catch location could be differentiated on the basis of hydrocarbon profile.  
These differences could potentially stem from known differences in soil composition between 
the Illinois study sites, affecting water stress tolerance and having the potential to cause 
morphological, physiological, and metabolic changes in host trees (Wang et al. 2008). 
 My findings suggest that sampling only one portion of the body may yield inconsistent 
cuticular hydrocarbon profiles, especially with regard to contact pheromones (Ginzel 2010). The 
location of small glands and reservoirs of long-chain hydrocarbons, such as the pygidial, 
postpharyngeal, and Dofour glands, could account for differences in hydrocarbon profiles across 
the body.  Higher relative abundance of contact pheromones on the head and abdomen could be 
adaptive, since males often antennate females while facing them (personal observation).  
However, a male will proceed to the next stage of courtship no matter which area of the female 
he has encountered (Ginzel 2003a).  Finally, the fact that SPME yielded hydrocarbon profiles 
that were quantitatively similar to those from solvent extraction, and profiles did not change 
when beetles were killed and frozen, confirms that this more convenient method is quite suitable 
for research on contact pheromones of insects. 
Inadequate sampling of beetles across the range of the species, and throughout the flight 
period of adults, may result in an oversimplified characterization of the hydrocarbon profile of a 
species.  Earlier studies of contact pheromones of longhorned beetles provide some evidence of 
14 
 
this predicament: blends of synthetic hydrocarbons that are intended to simulate the natural 
pheromone often fail to elicit the full mating response of males (e.g., Lacey et al. 2008, Ginzel 
2010, Silk et al. 2011).  Males in such bioassays may not fully respond to artificial blends of 
hydrocarbons because these blends are inaccurate representations of the natural hydrocarbon 
ratios, or because females that inspired the design of the blends were from different populations 
than the bioassayed males, or active at different times of year.  
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TABLES AND FIGURES 
Table 1: Cuticular hydrocarbons of N. acuminatus (from Lacey et al. 2008) and X. colonus (from 
Ginzel et al. 2003a).  Components of the contact pheromones of females are highlighted in blue, 
representative hydrocarbons that are not pheromone components are highlighted in orange.  
 
Neoclytus acuminatus Xylotrechus colonus 
6Me-C24  nC25 
2Me-C24  9Me-C25  
nC25 2Me-C25 
7Me-C25  3Me-C25  
5Me-C25  nC27 
3Me-C25  11,13-MeC27  
nC26 2Me-C27  
8Me-C26  3Me-C27  
6Me-C26  nC28 
2Me-C26  13Me-C28 
Δ10- and Δ10-C27  12, 11Me-C28 (trace) 
nC27 C29:1 
9Me-C27  3Me-C28 
7Me-C27  nC29 
3Me-C27  11,13,15Me-C29 
nC28 C31:1 
(z)-14-C29    
nC29   
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Figure 1: Relationship between cuticular surface area of beetles (as estimated by area of the 
elytra) and dry weight (mg) of: (A) female N. acuminatus (df = 60, r
2
 = 0.57, P < 0.0001) and 
(B) female X. colonus (df = 52, r
2
 = 0.64, P < 0.0001).  
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Figure 2: Mean (± 1 SEM) relative abundance of hydrocarbons of female X. colonus (N = 10) as assessed by SPME sampling of three 
body regions, versus whole-body extraction with hexane. ANCOVA results: nC25: r
2
 = 0.21, F3,36= 3.24, P = 0.033; 9Me-C25: r
2
 = 
0.17, F3,36= 2.48, P = 0.076; 3Me-C25: r
2
 = 0.23, F3,36= 3.55, P = 0.024; nC27: r
2
 = 0.3, F3,36= 5.08, P = 0.005; 11,13-MeC27: r
2
 = 0.24, 
F3,36= 3.78, P = 0.019; 3MeC27: r
2
 = 0.02, F3,36= 0.29, P = 0.83.  
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Figure 3: Mean (± 1 SEM) relative abundance of cuticular hydrocarbons of female X. colonus that were alive (N = 4) versus freeze-
killed (N = 4), as assessed by SPME.  ANCOVA results: nC25: r
2
 = 0.03, F1,6= 0.19, P = 0.67; 9Me-C25: r
2
 = 0.04, F1,6= 0.27, P = 
0.62; 3Me-C25: r
2
 = 0.03, F1,6= 0.19, P = 0.67; nC27: r
2
 = 0.04, F1,6= 0.22, P = 0.65; 11,13-MeC27: r
2
 = 0.05, F1,6= 0.34, P = 0.58; 
3MeC27: r
2
 = 0.02, F1,6= 0.1, P = 0.76.   
 
 
 
 
25 
 
Figure 4: Relationship between body surface area (as estimated from area of the elytra) of female 
N. acuminatus (N = 62) and relative peak abundance for: (A) the contact pheromone 9Me-C27 
(B) the non-pheromone hydrocarbon nC27. Regression results: (A) r
2
 = 0.07, F1,60 = 4.27, P = 
0.043; (B) r
2
 = 0.17, F1,60 = 12.3, P = 0.001.  
 
 
26 
 
Figure 5: Relationship between body surface area (as estimated from area of the elytra) of male 
N. acuminatus (N = 70) and relative peak abundance for two representative hydrocarbons. (A) r
2
 
= 0.109, F1,68 = 8.3, P = 0.005; (B) r
2
 = 0.201, F1,68 = 17.2, P < 0.0001. 
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Figure 6: Mean (± 1 SEM) relative abundance of cuticular hydrocarbons of adult N. acuminatus collected during six periods of the 
season in 2013 for (A) Females (total = 62; N = 13, 5, 2, 20, 9, and 13 for times 1, 1.5, 2, 3, 4, and 5), and (B) Males (total = 69; N = 
13, 10, 3, 20, 11, 12 for times 1, 1.5, 2, 3, 4, 5).  ANOVA results: (A) 7Me-C25: F5,56 = 1.27,  P = 0.29; 9Me-C27+7Me-C27: F5,56 = 
1.16,  P = 0.34; nC27: F5,56 = 0.38, P = 0.86; 3Me-C27: F5,56  = 1.24,  P = 0.31 (B) delta-10-C27: F5,64  = 2.18,  P = 0.067; (z)-14-C29: 
F5,64  = 1.8,  P = 0.13. 
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Figure 7:  Mean (± 1 SEM) relative abundance of cuticular hydrocarbons of adult X. colonus that were collected during six periods in 
2013 for (A) females (total = 54; N = 10, 7, 4, 11, 11, and 11 for times 1, 1.5, 2, 3, 4, and 5), and (B) males (total =59; N = 10, 6, 3, 
10, 13, and 17 for times 1, 1.5, 2, 3, 4, and 5). ANOVA results: (A) nC25: F5,48 = 1.27,  P = 0.29; 9Me-C25: F5,48 = 2.65,  P = 0.03; 
3Me-C25: F5,48 = 1.62,  P = 0.17; nC27: F5,48 = 3.25,  P = 0.013; 11,13-MeC27: F5,48 = 7.2,  P < 0.0001; 3Me-C27: F5,48 = 6.71,  P < 
0.0001; (B) 11,13-MeC27: F5,53 = 4.33,  P = 0.002; 3Me-C27: F5,53 = 4.23,  P = 0.002; nC29: F5,53 = 4.92,  P = 0.001.   
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Fig. 7 (Cont.) 
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Figure 8:  Mean (± 1 SEM) relative abundance of cuticular hydrocarbons of adult N. acuminatus 
collected in three locations in Illinois at one location in Pennsylvania: (A) Females (N = 8, 5, 8, 
6, and 8 for Allerton, Campus, Forest Glen, and Pennsylvania), and (B) Males (N = 6, 9, 9, and 9 
for Allerton, Campus, Forest Glen, and Pennsylvania). Illinois sites: Female Wilks’ lambda = 
0.63; F4,34 = 2.2; P = 0.09; Male Wilks’ lambda = 0.39; F4,40 = 6.1; P = 0.001.  Illinois vs. PA: 
Wilks’ lambda = 0.78; F2,26 = 3.7, P = 0.04; Male: Wilks’ lambda = 0.71; F2,30 = 6.2; P = 0.006.   
 
 
